abstract The transport function of the rat type IIa Na ϩ /P i cotransporter is inhibited after binding the cysteine modifying reagent 2-aminoethyl methanethiosulfonate hydrobromide (MTSEA) to a cysteine residue substituted for a serine at position 460 (S460C) in the predicted third extracellular loop. This suggests that Ser-460 lies in a functionally important region of the protein. To establish a "structure-function" profile for the regions that flank Ser-460, the substituted cysteine accessibility method was employed. 18 mutants were constructed in which selected amino acids from Arg-437 through Leu-465 were substituted one by one for a cysteine. Mutants were expressed in Xenopus oocytes and transport function (cotransport and slippage) and kinetics were assayed by electrophysiology with or without prior treatment with cysteine modifying (methanethiosulfonate, MTS) reagents. Except for mutant I447C, mutants with cysteines at sites from Arg-437 through Thr-449, as well as Pro-461, were inactive. Cotransport function of mutants with Cys substitutions at sites Arg-462 through Leu-465 showed low sensitivity to MTS reagents. The preceding mutants (Cys substitution at Thr-451 to Ser-460) showed a periodic accessibility pattern that would be expected for an ␣ -helix motif. Apart from loss of transport function, exposure of mutants A453C and A455C to MTSEA or 2-(triethylammonium)ethyl MTS bromide (MTSET) increased the uncoupled slippage current, which implicated the mutated sites in the leak pathway. Mutants from Ala-453 through Ala-459 showed less pH dependency, but generally stronger voltage dependency compared with the wild type, whereas those flanking this group were more sensitive to pH and showed weaker voltage dependence of cotransport mode kinetics. Our data indicate that parts of the third extracellular loop are involved in the translocation of the fully loaded carrier and show a membrane-associated ␣ -helical structure.
I N T R O D U C T I O N
The proteins responsible for transport of inorganic phosphate (P i ) 1 in mammals have been classified into three types (I, II, and III). They differ in primary structure, tissue localization, and functional properties (for review, see Murer et al., 2000) . The type IIa Na ϩ /P i cotransporter (NaPi-IIa) is primarily responsible for P i reabsorption at the brush border membrane of the renal proximal tubule, and it therefore plays an important role for the maintenance of mammalian P i homeostasis. NaPi-IIa isoforms from several species have been cloned and expressed in Xenopus laevis oocytes, and their transport kinetics have been characterized in detail Hartmann et al., 1995; Forster et al., 1998 Forster et al., , 2000 . The key functional features are: Na ϩ -dependent P i cotransport (3:1 Na ϩ /P i stoichiometry, Forster et al., 1999a) , ordered substrate binding (Na ϩ -P I 2 Ϫ -2Na ϩ , Forster et al., 1998) , substrate specificity (divalent P i is the preferred species, Forster et al., 1999a) , voltage-dependent transport (one net charge transfer per transport cycle, Busch et al., 1994; Forster et al., 1998) , P i -independent Na ϩ slippage (Forster et al., 1998) , and intrinsic pH sensitivity independent of P i species (suppressed P i transport with acidification, Busch et al., 1994 Busch et al., , 1995 Forster et al., 1999a Forster et al., , 2000 . The multiplicity of these kinetic features suggests that they are conferred by specific, unique structural elements and/or motifs, the identification of which is the current challenge in structure-function studies on the NaPi-IIa protein.
The rat NaPi-IIa isoform is a 637 amino acid protein. The original hydrophobicity analysis (Magagnin et al., 1993 ; see also Murer et al., 2000) , together with recent antibody accessibility studies (Lambert et al., 1999b) and cysteine scanning approaches (Lambert et al., 2000a,b) , support a secondary structure topology that comprises eight transmembrane domains, a large extra-
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Cysteine Scanning of the Type IIa Na ϩ /P i Cotransporter cellular loop with two glycosylation sites , and intracellular NH 2 and COOH termini (Lambert et al., 1999b) . Until recently, nothing had been established concerning the location of the regions within the protein that confers the above-mentioned functional characteristics.
In two studies that addressed this deficit, chimeras were engineered to contain different proportions of two native isoforms that individually display markedly different kinetics. This led to the localization of a region that confers pH sensitivity (de la Horra et al., 2000) and a site that influences the apparent Na ϩ affinity for type IIa cotransporters (de la Horra et al., 2001) . Another approach, which does not rely on differentiating between functional properties of different isoforms for its success, is the substituted cysteine accessibility method (SCAM) (Akabas et al., 1992 (Akabas et al., , 1994 Karlin and Akabas, 1998) , in which cysteine residues are substituted by single point mutagenesis. These substitutions appear to be mostly well tolerated, as demonstrated by extensive cysmutagenesis of lac permease protein (Kaback, 1997; Frillingos et al., 1998) . If the substitution site is located in a functionally sensitive region and the cysteine residue is accessible from the aqueous environment, chemical modification of this residue by hydrophilic methanethiosulfonate (MTS) compounds can alter functional properties by increasing its effective size. Details of the method and underlying assumptions for SCAM are discussed in Karlin and Akabas (1998) .
In our first use of SCAM applied to NaPi-IIa, we reported that externally applied MTS reagents do not affect the transport properties of the wild-type (WT) transporter, whereas one mutant (S460C) that had a novel cysteine introduced in the predicted third extracellular loop was found to be highly sensitive to impermeant MTS reagents (Lambert et al., 1999a) . From our analysis of the kinetic properties before and after cysteine modification, we concluded that Ser-460 was most likely located in a region involved in reorientation of the empty carrier from outward-to inward-facing conformations. This study was the first to assign a functional role to a specific residue located in the putative third extracellular loop (ECL-3) of NaPi-IIa (see Fig.  1 ), and it encouraged us to investigate this part of the protein in more detail.
We now describe the results of applying SCAM to the region surrounding Ser-460 from Arg-437 through Leu-465 (see Fig. 1 ). First, we examined the effect of positively charged MTS reagents on the transport activity of the mutants. Based on the periodic sensitivity to 2-aminoethyl MTS hydrobromide (MTSEA) for mutants with substituted cysteines at sites before Ser-460, our findings were consistent with this stretch being membrane associated and folded as an ␣ -helical motif. In contrast, mutants with substituted cysteines at sites after Pro-461 showed little MTS sensitivity. Second, we characterized the kinetic parameters of the functional mutants to assess the effect of cysteine mutagenesis on functional properties of the transporter. Whereas mutagenesis caused no significant change in apparent substrate activation properties, some mutants showed either significantly altered voltage and/or pH dependency as well as uncoupled slippage current, compared with the wild-type profile. In our revised topology of the ECL-3 region of NaPi-IIa, we postulate a re-entrant loop that incorporates the aforementioned ␣ -helix together with sites that influence voltage and pH dependency of the transporter.
M A T E R I A L S A N D M E T H O D S

Molecular Biology
Mutations were introduced following the QuickChange Sitedirected Mutagenesis Kit manual (Stratagene). Briefly, 10 ng of the plasmid containing the rat NaPi-IIa cDNA were amplified with 2.5 U of Pfu DNA polymerase in the presence of 250 nM of primers. PCR amplification was performed with 20 cycles at 95 Њ C (30 s), 55 Њ C (1 min), and 68 Њ C (12 min). Then, 10 U of DpnI were added directly to the amplification reaction and the sample was incubated for 1 h at 37 Њ C to digest the parental, methylated DNA. XL1-blue supercompetent cells were transformed with 1 l reaction mixture and plated onto LB-ampicillin-methicillin plates. The sequence was verified by sequencing (Microsynth). All constructs were cloned in pSport1 (GIBCO BRL). In vitro synthesis and capping of cRNA's were done by incubating the rat NaPi-IIa constructs, previously linearized by NotI digestion, in the presence of 40 U of T7 RNA polymerase (Promega) and Cap Analogue (NEB) (Werner et al., 1990) .
Secondary structure predictions were made using the DNASIS software, v. 2.1 (Hitachi Software Engineering Ltd.)
Reagents and Solutions
All standard reagents were obtained from either Sigma-Aldrich or Fluka. MTS reagents were obtained from Toronto Research Chemicals.
The solution compositions (mM/liter) were as follows. (a) Oocyte incubation (modified Barth's solution): 88 NaCl, 1 KCl, 0.41 CaCl 2 , 0.82 MgSO 4 , 2.5 NaHCO 3 , 2 Ca(NO 3 ), 7.5 HEPES, adjusted to pH 7.6 with TRIS and supplemented with antibiotics (10 mg/liter gentomycin, streptomycin). (b) Control superfusate (ND100): 100 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 HEPES, and adjusted to pH 7.4 with KOH. (c) Control superfusate (ND0): as for ND100, but with N -methyl-d -glucamine or choline chloride used to replace Na ϩ . Solutions were adjusted to pH 7.4 with HCl or KOH as required. Solutions with intermediate Na ϩ concentrations were prepared by mixing ND0 and ND100 in the appropriate proportions. (d) Substrate test solutions: inorganic phosphate (P i ) was added to ND100 from 1 M K 2 HPO 4 and KH 2 PO 4 stocks that were mixed to give the required pH (7.4 or 6.2). Phosphonoformic acid (PFA) was added to the appropriate control superfusate from frozen stock (100 mM), and the pH was adjusted. PFA was obtained as a trisodium salt (Na ϩ ) and the Na ϩ concentrations were adjusted accordingly. (e) The MTS reagents MTSEA and 2-(triethylammonium)ethyl MTS bromide (MTSET) were prepared from dry stock in DMSO to give 1 M stock solutions. These were stored at Ϫ 20 Њ C until required and added to ND100 solution. The final concentration of DMSO did not exceed 0.1% and DMSO at this concentration was confirmed to not alter the kinetic characteristics of the expressed constructs.
Immunoblotting of Oocyte Homogenates-Western Blotting
Yolk-free homogenates were prepared 3 d after injection (H 2 O or cRNA). Pools of five oocytes were lysed together with 100 l of homogenization buffer [1% Elugent C 12 E 6 (Calbiochem) in 100 mM NaCl, 20 mM Tris/HCl, pH 7.6], by pipetting the oocytes up and down (Turk et al., 1996) . To pellet the yolk proteins, samples were centrifuged at 16,000 g for 3 min at 22 Њ C. 10 l of the supernatant in 2 ϫ loading buffer (4% SDS, 2 mM EDTA, 20% glycerol, 0.19 M Tris/HCl, pH 6.8, 2 mg/ml bromphenol blue) were separated on a SDS-PAGE gel and separated proteins were transferred to a nitrocellulose membrane (Schleicher & Schuell). The membrane was then processed according to standard procedures (Sambrook et al., 1989 ) using a rabbit polyclonal antibody raised against an NH 2 -terminal synthetic peptide of the rat NaPi-IIa cotransporter. The specificity of the antibody has been demonstrated previously (Custer et al., 1994) . Immunoreactive proteins were detected with a chemiluminescence system (Pierce Chemical Co.).
Functional Assays
Radiolabeled P i Uptake. This procedure has been described in detail elsewhere (Werner et al., 1990) . 32 P i uptake was measured 3 d after injection in water injected (control) and cRNA injected oocytes ( n ϭ 5).
Electrophysiology and Data Analysis. The standard two-electrode voltage clamp technique was used as described previously (Forster et al., 1998) . Oocytes were mounted in a small recording chamber (100 l vol) and continuously superfused (5 ml/min) with test solutions pre-cooled to 20 Њ C. Unless otherwise indicated, the steady-state response of an oocyte to P i was always measured at a holding potential ( V h ) ϭ Ϫ 50 mV in the presence of 100 mM Na ϩ . Data were acquired online using DATAC software and compatible hardware (Bertrand and Bader, 1986 ) and pClamp v. 8.0 and Digidata 1200A hardware (Axon Instruments, Inc.). Data were sampled at a rate that corresponded to more than twice the recording bandwidth. Recorded currents were prefiltered using an analogue eight pole low-pass Bessel filter (Frequency Devices) that was set to 20 or 500 Hz for steady-state or pre-steady-state recording, respectively. Data were analyzed using routines supplied with Clampfit v. 8 (Axon Instruments, Inc.) and/or Prism v. 3.2 software (Graphpad Software Inc.).
For the P i -activation protocol, P i -induced currents ( I Pi ) were obtained by subtraction of the response in the ND100 control solution, without P i . Dose response was determined from the responses to 0.01, 0.03, 0.1, 0.3, 1, and 3 mM P i . (in ND100). For the Na ϩ -activation protocol, the dose response was determined from the responses to 1 mM P i in 0, 10, 25, 50, 75, and 100 mM Na ϩ . I Pi was measured relative to the control solution NDX, where X represents the Na ϩ concentration (mM).
Using a nonlinear regression routine, the modified Hill equation was fit to the P i or Na ϩ dose response data:
( 1) where [ S ] is the concentration of the variable substrate, I Pi max is the extrapolated maximum current, K m s is the concentration of substrate S that gives a half maximum response or apparent affinity constant, and n H is the Hill coefficient.
Current-voltage (I-V) curves were obtained by applying a series of voltage steps of 60-ms duration to the test potential from a standard holding potential ( V h ) ϭ Ϫ 60 mV. The P i -dependent currents were obtained by subtracting corresponding records from one another belonging to sets obtained in ND100 and ND100 ϩ P i (1 mM). This same voltage step protocol was used to obtain pre-steady-state relaxations (see Appendix), except that
the low-pass filter setting was increased and more signal averaging was used where necessary .
To quantify altered steady-state charge distribution, we assumed that all intramembranous (pre-steady state) charge movements could be lumped into a single process described by the Boltzmann relation:
( 2) where Q max is the maximum charge translocated, Q hyp is the steady-state charge at the hyperpolarizing limit and depends on V h , V 0.5 is the voltage at which the charge is distributed equally between the two states, z is the apparent valency per cotransporter, e is the electronic charge, k is Boltzmann's constant, and T is the absolute temperature. Eq. 2 was fit to the data by nonlinear regression analysis. A single exponential function was fit to the pre-steady-state relaxations using a fitting algorithm based on the Chebychev transform supplied with pClamp v. 8. For some batches of oocytes, a linear baseline correction was applied to eliminate contamination from Ca 2ϩ -activated Cl Ϫ currents for voltage steps to V Ն ϩ40 mV.
Incubation with MTS Reagents. Freshly prepared MTSEA/MT-SET (see above) was delivered to the oocyte chamber using a stainless steel cannula (0.3 mm i.d.) positioned near the cell and fed by gravity. Reagents were always applied in the presence of ND100 at a holding potential V h ϭ Ϫ50 mV, unless otherwise indicated. Incubation was followed by a 1-min washout period before applying P i (1 mM) as the test assay. Another 1-min washout period was allowed before reincubation at the next concentration of MTS reagent to ensure complete removal of substrate and return of response to a steady state. We routinely used cells that expressed the WT and S460C transporters as negative and positive controls, respectively, during each experimental session. Apparent second-order reaction rates for the Cys modification were determined by fitting a single exponential to the time or concentration dependency data after normalizing to the control response: Figure 1 . Topological representation of the type IIa Na ϩ /P i cotransporter that shows the eight putative membrane-spanning domains (TMD-1 to -8) determined from hydropathy analysis. The amino acid residues in the stretch from site 437 through site 465 of the putative ECL-3 are shown expanded. Residues in this stretch that were mutated individually to cysteines are indicated by filled circles. Amino acids are named using the single letter code.
where I(c) is the electrogenic response after incubation in MTS reagent at concentration c for t seconds, normalized to the control response, and k is the apparent second-order rate constant (Karlin and Akabas, 1998; Pascual and Karlin, 1998) . Fig. 1 presents a topological representation of the rat NaPi-IIa protein, with the location of the residues in the predicted ECL-3 that were mutated to cysteines. We injected Xenopus laevis oocytes with cRNA coding for each mutant. The cells were subsequently checked for protein expression by means of Western blot of the whole cell lysate ( Fig. 2) and functional transport by using 32 P i uptake and/or a basic electrophysiological assay (1 mM P i , Ϫ50 mV holding potential, data not shown). In the latter assay, oocytes that responded to P i with a reproducible inward current Յ Ϫ20 nA were assumed to have expressed a functionally active mutant (Fig. 2 , ϩ) and other mutants were designated inactive (Ϫ). Before we concluded that a particular construct was indeed inactive, we repeated the injection procedure by using oocytes from at least one other donor frog and also repeated the cRNA synthesis. As a general rule, the P i -induced currents for the mutant-expressing oocytes were usually less than those obtained from WT-expressing oocytes, and the absolute current levels depended on the oocyte batch. For all mutants that gave functional expression, we detected a main band in the Western blots, the position of which corresponded to the molecular weight of the WT rat NaPi-IIa cotransporter (70-90 kD). Taken together, these findings indicated that for the functional mutants, cysteine mutagenesis had not affected the basic transport function (Na ϩ -coupled P i cotransport) and that these constructs were indistinguishable from the WT in terms of the expressed protein.
R E S U L T S
Protein Expression and Basic Function of Mutants
Mutant P461C, which was inactive according to the above criteria, showed a lower molecular weight band at ‫05-04ف‬ kD. This band most likely corresponds to the unglycosylated NaPi-IIa protein . This was also the case for the mutants in the stretch R437C through T449C, with the exception of I447C, which was found functionally active. On the basis of these initial experiments ( 32 P i uptake and P i -induced current; protein expression pattern), we concluded that cysteine substitutions at positions 437-446, 448, 449, and 461 led to critical structural alterations that were incompatible with correct synthesis of the fully glycosylated cotransporter protein, and thus led to a loss of apparent transport function.
Effect of MTSEA on Cotransport and Slippage Function
NaPi-IIa exhibits two modes of transport that involve translocation of substrate and net charge across the membrane: cotransport mode (Na ϩ /P i -cotransport) and uncoupled leak mode (Na ϩ -slippage) (Forster et al., 1998 ; see also Fig. 6 A, below). The latter mode accounts for ‫%01ف‬ of the current evoked at saturating P i and can be quantified by using the Na ϩ /P i cotransport inhibitor PFA (Kempson, 1988 ) that also blocks the slippage mode current (Forster et al., 1998) . To assess the effect of MTS reagents on transport function, both modes were considered as potential targets for functional modification.
We previously established that P i transport of mutant S460C was fully abolished by pre-incubation in 100 M of MTS reagents (MTSEA, MTSET, and MTS-ethylsulfonate) (Lambert et al., 1999a ) for short time periods (Ͻ5 min). An examination of the response of the functionally active new mutants under these same incubation conditions indicated that full inhibition of P i -induced electrogenic response (I Pi at 1 mM, Ϫ50 mV) was not achieved in all cases. For incubation in 100 M MTSEA (3-min incubation period), four mutants (A453C, A456C, A457C, and S460C) were fully inhibited, three mutants (L455C, L458C, and A459C) were partly inhibited (Ͼ20%), and six mutants (I447C, T451C, and R462C through L465C) showed little or no inhibition (Ͻ20%) (data not shown). Incomplete inhibition of cotransport function could indicate an intermediate condition in which the full loss of cotransport function, observed for S460C, had not yet been reached due to slower reaction rates of the MTS reagent with the cysteine in question; i.e., the apparent accessibility depended on the position of the cysteine. Alternatively, modification of the novel cysteine may have indeed occurred and this altered the kinetics (e.g., substrate af- Figure 2 . Protein expression and function of mutant cotransporters. Western blots of whole cell lysate from oocytes injected with cRNA coding for the indicated mutant constructs (see Fig. 1 ) as well as wild type (WT) and water injected (H 2 O) oocytes as controls. The two Western blots were made from lysates using different batches of oocytes. The main band in the range 80-100 kD corresponds to the glycolsylated form of NaPi-IIa. The symbol after the name signifies whether functional activity was detected: ϩ, cells displayed P i -induced currents Ͼ Ϫ20 nA (V h ϭ Ϫ50 mV, P i ϭ 1mM); Ϫ, cells displayed neither electrogenic activity (Ͻ Ϫ20 nA) nor 32 P i uptake above the background level. finity, turnover rate) to manifest itself as a partial inhibition of transport rate. 2 To distinguish between these two possibilities, we performed dose-response assays by incubating each oocyte in successively larger concentrations of MTSEA (see materials and methods). Fig. 3 A shows representative recordings from oocytes that expressed the WT, S460C, and A453C in response to successive test applications of 1 mM P i (I Pi ) and 3 mM PFA (I PFA ), initially and after incubation for 3 min in MT-SEA at the concentrations indicated. As previously reported for the WT transporter, no significant alteration was observed in either I Pi or I PFA (Fig. 3 A, top) , whereas for S460C the responses to PFA and P i were the same after incubation in 1000 M MTSEA (center). Moreover, we observed that the absolute holding current level reached during PFA application remained essentially unchanged during each experimental run. In contrast, for other mutants we observed a progressive increase in I PFA when the concentration of MTSEA was increased, for mutant A453C (Fig. 3 A, bottom) . However, like S460C, the absolute holding current reached during PFA application did not change throughout the recording period. For A453C, I Pi became progressively smaller, eventually reversed in direction, and, after incubation in 1,000 M MTSEA, it was equivalent to I PFA . This behavior was also observed for L455C, whereas A456C, L458C, A457C, and A459C behaved like S460C, with no detectable change in the magnitude of I PFA at Ϫ50 mV (data not shown). In all cases, the invariance of the absolute level reached during PFA application indicated that the MTSEA treatment had not affected the ability of PFA to fully block the slippage current. Moreover, the equivalence of I PFA and I Pi for most of the mutants after incubation in 1,000 M MTSEA suggested that the MTSEA reaction had reached completion at this concentration; i.e., complete inhibition of the Na ϩ /P i -cotransport function was achieved.
We established that the increased I PFA after MTSEA treatment observed in the case of A453C was still a Na ϩ -dependent current (Na ϩ slippage) by performing the assay at two Na ϩ concentrations (100 and 50 mM), as shown in Fig. 3 B for another representative oocyte. When the superfusate changed from ND100 to ND50, there was a corresponding upward deflection of the holding current that was partly due to the leak component introduced by the exogenous protein and partly due to the endogenous response as seen for a noninjected oocytes from the same batch (Fig. 3 B, bottom) . , and A453C (bottom) constructs, respectively. After a control application, substrates P i (1 mM) (filled bars) and PFA (3 mM) (empty bars) were applied successively and tested after incubation (vertical arrows) in MTSEA for 3 min and washout at the concentration indicated. Only the baseline that immediately preceded application and washout of the test substrates is shown. The dashed line indicates holding current reached during control PFA application. Continuous line indicates initial holding current in ND100 superfusate. No external adjustment of current offset was made during the recording period. Cells were continuously voltage clamped to Ϫ50 mV during whole experiment; records were low-pass filtered at 20 Hz, sampling 2 ms/point. I PFA and I Pi are the changes in holding current induced by P i and PFA, respectively, relative to the holding current in ND100. (B) Excerpts from two contiguous recordings that illustrate the effect of changing external Na ϩ on slippage before and after MTSEA exposure to an oocyte that expressed A453C and a noninjected (NI) oocyte. The external solutions were changed as indicated: ND100 (light gray bars), ND50 (dark gray bars), P i (1 mM) (filled bars), PFA (3 mM) (empty bars). Dotted lines indicate holding currents reached during PFA, continuous lines indicate current level in the absence of test substrate.
The holding current of the noninjected oocyte at V h ϭ Ϫ50 mV showed no significant changes in response to P i and PFA either before or after MTSEA incubation, which indicated that the effects seen for the mutant were most likely specific properties of A453C. Moreover, for A453C, the near equivalence of the holding current levels reached during PFA application when superfusing with ND100 and ND50, before and after MTSEA treatment, strongly suggested that, in the latter case, PFA also blocked the MTSEA-modified Na ϩ -slippage current.
Quantification of the loss of P i -induced activity (Na ϩ / P i -cotransport function) was done by measuring the P iinduced current relative to the PFA-induced holding current level at V h ϭ Ϫ50 mV (I Pi -I PFA ). This procedure took account of the mutants that showed an increase in leak after MTSEA incubation, under the assumption that the slippage current remained uncoupled from the cotransport mode current. Mutants fell into two broad categories that depended on their sensitivity to MTSEA and the location relative to Pro-461, as revealed by a broad ranging assay that used MTSEA at concentrations spanning four orders of magnitude (Fig. 4 A) . Mutants with substituted cysteines at sites before Pro-461 (with the exception of I447C and T451C) showed a progressive loss of P i -induced activity for MTSEA concentrations Յ1,000 M. Moreover, there were obvious differences in MTSEA sensitivities between these mutants. In contrast, mutants with novel cysteines at sites after Pro-461 showed a small but still measurable loss of function only after incubation in 1,000 M MTSEA (Fig. 4 B) . This increased slightly after repeated exposure at the same concentration, but could not be easily distinguished from a small rundown effect (Ͻ20%) previously reported for the WT cotransporter under repeated exposure to P i (Forster et al., 1999b) . Thus, for these mutants, either the substituted cysteine was not accessible by external MTSEA at 1,000 M, or modification of the cysteine did not alter the Na ϩ /P i cotransport function assayed.
To interpret our MTSEA sensitivity data in terms of the relative accessibility of particular Cys residues, we assumed that the MTS reagent accessed its reaction site from only one side of the membrane. It has been reported (Holmgren et al., 1996) that MTSEA is membrane permeant and could potentially access substituted or native cysteine residues from the intracellular side. Therefore, the observed difference in apparent accessibility might result from a lack of sidedness of MTSEA action or a mixture of effects. We have previously shown that in the case of S460C, modification of Cys-460 by externally applied MTS reagents results from external accessibility only (Lambert et al., 1999a) . We checked that this was also the case for the other mutants by incubating representative cells expressing each functional mutant with the impermeant reagent MT-SET and we obtained close to the same level of inhibition as for MTSEA at the same concentration (data not shown). Fig. 5 A, II, confirms the similarity of MTSEA and MTSET dose responses for S460C. These findings established that the MTSEA effects most likely resulted from external modification of the novel Cys residue.
If the MTSEA-Cys reaction is assumed to follow second-order reaction kinetics (Karlin and Akabas, 1998; Pascual and Karlin, 1998 ; see also Javitch, 1998; Kaplan et al., 2000) , then the loss of cotransport function should be described by a single exponential decay (Eq. 3) from which the reaction rate (k ) can be estimated. Either time of exposure (t ) or concentration (c) can be used as independent parameters to determine k. We determined k using concentration as the independent variable over a limited range of MTS reagent concentration with a fixed 3-min exposure time, as shown in Fig. 5 A for all mutants with novel cysteines substituted before Pro-461 (except I447C). Most mutants showed a well-behaved decay to zero, with the notable exceptions of L458C and T451C, which decayed to plateaus around 20 and 70%, respectively, of the original cotransport activity (Fig. 5 A, V) . The range of rate constants (k) derived from fitting Eq. 3, with t ϭ 180 s, varied from 2.5 ϫ 10 4 s Ϫ1 M Ϫ1 (A457C; Fig. 5 A, I ) to 4.5 s Ϫ1 M Ϫ1 (T451C; Fig. 5 A, V) . In addition, we confirmed for the S460C mutant that at a given concentration of MTSEA, the loss of cotransport function also depended on the cumulative time of exposure in an exponential manner for two fixed concentrations of MTSEA (1 and 5 M). Like the concentration dependence data, these data could be described by a single exponential decay. The ratio of the two exponents estimated from the fits Ϸ3, which is close to the ratio of the nominal test concentrations used, as would be expected from Eq. 3. Furthermore, k estimated from the fit at 1 M MTSEA (2.2 ϫ 10 Ϫ3 M Ϫ1 s Ϫ1 ) is in the same range as that obtained from the fit to concentration dependency data (4.2 ϫ 10 Ϫ3 M Ϫ1 s Ϫ1 ). The difference would not result in a significant difference in the calculated k, when expressed logarithmically (see below).
The estimates of k obtained from the fits in Fig. 5 A could be best plotted logarithmically as a function of mutation site, as shown in C. The wide variation in reaction rates indicated that there was a location-dependent accessibility of the substituted cysteine residue by MT-SEA. Moreover, the pattern suggested that accessibility varied periodically with a period between three and four residues spacing, as indicated by a free sine wave fit.
Kinetic Properties of Functional Mutants
In addition to the above SCAM experiments, the Cys mutations per se might produce alterations that provide information on the functional importance of given amino acid residues (or regions) within the transporter molecule. Therefore, we further characterized the functional mutants using previously established electrophysiological assays and the data were compared with the standard "fingerprints" for type II Na ϩ /P i cotransport; namely, Michaelis-Menten P i -activation, cooperative Na ϩ activation, slippage, pH dependency, and steady-state and pre-steady-state voltage dependency (Forster et al., 1998) . For each functional assay, one or two representa- 
(I) A457C, (II) S460C (, MTSEA; ᮀ, MTSET), (III) A453C () and A456C (᭢), (IV) A455C () and A459C (᭡), (V) L458C (᭡) and T451C (). Each data point represents mean from at least four cells.
A single decaying exponential was fit to these data (Eq. 3). In II, the dotted line is a fit to the MTSET data. In IV, the dotted line is a fit to the A459C data. (B) The time dependency of the reaction of MTSEA with Cys-460 at 1 M () and 5 M (᭡). Single decaying exponentials were fit to these data (continuous lines). Data points are mean Ϯ SEM (n ϭ 5) normalized to the initial response. When corrected for the MTSEA concentration, the apparent second-order reaction rate (k) was 2.2 ϫ 10 Ϫ3 M Ϫ1 s Ϫ1 for 1 M MTSEA and 1.3 ϫ 10 Ϫ3 M Ϫ1 s Ϫ1 for 5 M MTSEA. (C) Shows a plot of apparent second-order rate constant (k) for MTSEA inhibition of P i -induced transport function for each of the functional mutants between T451C and S460C. Continuous line is an unconstrained sine-wave fit to the data points using a nonlinear regression algorithm. The dotted line is a sine-wave fit to the data points with its period constrained to 3.6 residues.
tive oocytes that expressed the WT protein from the same donor frog were routinely used as a control to confirm reproducibility of the WT behavior. Representative records of the assays for a typical WT-expressing oocyte are shown in Fig. 6 .
Steady-state Substrate Activation. A complete dose response with respect to P i or Na ϩ was not possible in all cases because the P i -induced current at lower substrate concentrations could not be separated reliably from endogenous effects. 3 Therefore, for the purpose of screening for any changes in P i activation kinetics, we determined the ratio of current induced by 0.1 mM P i (I Pi 0.1P i ) [close to the WT apparent affinity for P i (K m P i ); Forster et al., 1998 ] and 1.0 mM P I (I Pi 1.0P i ) (Fig. 6 A) . Similarly, for Na ϩ activation, we compared the current at 50 (I Pi 50Na ) and 100 (I Pi 100Na ) mM Na ϩ at near saturating P i (1 mM P I, V h ϭ Ϫ50 mV) as an indicator of shifts in the apparent Na ϩ affinity (K m Na ) (Fig. 6 A) . None of the active mutants gave large deviations of the respective "activation indices" I p 0.1P i /I p 1.0P i and I Pi 50Na /I Pi 100Na from the WT range (Fig. 7 A) . From these data and the complete dose-response data, 3 we concluded that the apparent substrate affinities and the implied substrate stoichiometries were minimally affected by the Cys mutagenesis.
Slippage. We assayed the slippage properties of functional mutants by comparing I Pi (1 mM P i ) and I PFA (3 mM PFA) at V h ϭ Ϫ50 mV, measured relative to the baseline holding current (Fig. 6 A) . The slippage was quantitated as a fraction of the total electrogenic cotransport mode activity [I PFA /(I PFA Ϫ I Pi )]. Here, we assumed that in the presence of near saturating P i (1 mM), the occupancy of conformational states that contribute to the slippage mode only is zero; i.e., the leak current is uncoupled from the cotransport current. The relative slippage index [I PFA /(I PFA Ϫ I Pi )] (Fig. 7 B) lay within the range observed for the WT, with the exception of mutants A453C, L455C, and A459C, which showed slightly larger indices compared with the WT. In the present study, we did not pursue the characterization of this property further because, in the case of several low-expressing mutants, contamination from an endogenous response to PFA (e.g., Forster et al., 2000) would have significantly affected the accuracy of the data. Nevertheless, these findings suggested that some of the native residues in the putative ECL-3 are contributing to the slippage pathway kinetics. This is also in agreement with our previous study that characterized in detail the mutant S460C (Lambert et al., 1999a) .
pH Sensitivity. A hallmark of type IIa Na ϩ /P i cotransport is its pH dependency, whereby acidification of the extracellular medium results in suppression of transport. A reduction of pH from 7.4 to 6.2 has been previously reported to result in a 50-80% reduction in I Pi at constant total P i Forster et al., 3 Michaelian responses (Eq. 1 with n H ϭ 1.0) were obtained for nine mutants for which we determined P i activation curves (Fig. 7 A, *), with K m Pi ranging from 0.050 Ϯ 0.001 to 0.12 Ϯ 0.03 mM (n ϭ 4), compared with 0.06 mM previously reported for the WT (Forster et al., 1998) . For six mutants (Fig. 7 A, **) the Na ϩ activation data yielded K m Na estimates in the range 44 Ϯ 7 to 98 Ϯ 21 mM (n ϭ 4), compared with 52 mM for the WT (Forster et al., 1998) and with Hill coefficients that were all significantly Ͼ2 (compare n H Na ϭ 2.9 for the WT, Forster et al., 1998) . . All data are shown relative to the same initial baseline level (continuous line) that was stable throughout the assay (ND100, pH 7.4). Test substrates were applied for ‫02ف‬ s, as indicated. The speed of response to changing substrate conditions depended on the oocyte batch and also reflects diffusion limitations of the unstirred layer surrounding the oocyte, particularly for that part of the cell exposed to the base of the chamber (Forster et al., 1998 . After substrate washout, the holding current was always allowed to return to the same baseline before the next application. The shift in baseline current for a 50% reduction in external Na ϩ (ND100 to ND50) is contributed by the slippage current response and the endogenous oocyte response. The change observed for a decrease in pH of ND100 (pH 7.4 to 6.2) is an endogenous response also reported for noninjected oocytes . (B) Derivation of the steady-state voltage dependency. (Left) Current response to voltage steps from V h ϭ Ϫ60 mV to potentials in the range Ϫ120 to ϩ20 mV in ND100 (top) and ND100 ϩ1 mM P i (bottom). Note the downward shift in holding current at Ϫ60 mV caused by the application of P i . (Right) The difference between two sets of traces gives the P i -dependent current (I Pi ). Responses at V ϭ Ϫ100 and 0 mV used for the data Fig. 7 C (arrow) . The nonlinear relaxations to the steady state arise from pre-steady-state charge movements (see appendix).
1998, 2000)
. For assessing the effect of the Cys mutagenesis on pH sensitivity, we determined the electrogenic response at pH 7.4 (I Pi pH7.4 ) and pH 6.2 (I Pi pH6.2 ) (with 1 mM total P i , 100 mM Na ϩ , and V h ϭ Ϫ50 mV) (Fig. 6 A) and compared the ratio I Pi pH6.2 /I Pi pH7.4 with that for the WT. Several mutants showed clear deviations from WT behavior (Fig. 7 C) . For example, mutants A453C through A459C displayed significantly reduced sensitivity to pH, whereas some of the flanking mutants (T451C, R462C, K464C, and L465C) showed somewhat greater sensitivity compared with the WT.
Voltage dependency. Type IIa Na ϩ /P i electrogenic behavior is characterized by the voltage dependency of I Pi . The typical steady-state current-voltage relationship for the WT at near-saturating P i (1 mM) and maximum usable external Na ϩ (100 mM) is reasonably linear in the physiological range of potentials (Ϫ100 mV Ͻ V Ͻ 0 mV). Outside this range, we have previously reported evidence of saturating behavior (Forster et al., 1998) . Moreover, I Pi at 0 mV (I Pi 0 ) is typically ‫%05ف‬ of the current evoked at Ϫ100 mV (I Pi Ϫ100 ) (Forster et al., 1998) . To facilitate comparison of the I-V data for the mutants, we determined the ratio I Pi 0 / I Pi Ϫ100 under standard conditions (1 mM P i , 100 mM Na ϩ ) by subtracting corresponding voltage jump records to determine I Pi at the two test potentials (Fig.  6 B) . As summarized Fig. 7 D, there was a scatter of I Pi 0 /I Pi Ϫ100 values around that of the WT. Mutants I447C, A453C, L455C, L458C, and A459C had smaller I Pi 0 /I Pi Ϫ100 ratios (i.e., greater voltage dependence), whereas mutants T451C, R462C, and L465C had I Pi 0 / I Pi Ϫ100 ratios closer to unity (i.e., loss of voltage dependence).
The differences in I Pi 0 /I Pi Ϫ100 ratios are conveniently visualized from the full I-V curves (see materials and methods) over the voltage range -120 mV Յ V Յ ϩ20 mV, as shown in Fig. 8 . Based on the shape of the I-V curves, we could assign each mutant to one of three categories: those having an I-V curve like the WT (Fig. 8  A) , those showing a stronger voltage dependence (B), i ) () and Na ϩ (I Pi 50Na /I Pi 100Na ) (ᮀ). *Mutants for which a complete P i dose response was obtained. **Mutants for which a complete Na ϩ dose response was also obtained. (B) Uncoupled leakage current, or slippage for each active mutant, expressed as a fraction of the total cotransport current at V h ϭ Ϫ50 mV). (C) The pH dependency of the mutants at V h ϭ Ϫ50 mV. For each oocyte, the ratio of the current induced at pH 6.2 to that at 7.4 (I p 6.2 /I p 7.4 ) was determined (1 mM total P i , V h ϭ Ϫ50 mV, ND100) and data pooled as in A. (D) Voltage dependence of the mutants. For each oocyte, the ratio of the current induced at V h ϭ 0 to that at V h ϭ Ϫ100 mV (I p 0 /I p Ϫ100 ) was determined (1 mM P i , 100 mM Na ϩ ) and data pooled as in A. Points without error bars have SEM smaller than the symbol. Boxed points in C and D indicate sites where Cys mutagenesis results in reciprocal deviations from the WT phenotype (see discussion).
and those that showed a weaker voltage dependence (C) compared with WT.
In addition to the above steady-state analysis, performed on all functional mutants, pre-steady-state charge movements were also characterized for selected mutants with sufficiently high expression (I Pi Ն Ϫ60 nA at P i ϭ 1 mM, V h ϭ Ϫ50 mV) (see appendix). Presteady-state relaxations can provide additional information relating to voltage-dependent steps for Na ϩ -driven cotransport systems, which includes an estimate of the apparent valency (z) (Loo et al., 1993; Forster et al., 1998) . In general, the alterations in voltage dependence seen in the steady state were reflected as corresponding shifts in the voltage dependence of the charge distribution (Q-V) and relaxation rate (-V) data (see Fig. A1, below) . Moreover, we found that the apparent valency (z) for the mutants was not significantly altered from the WT estimate (see Table AI , below). This result suggested that the Cys mutagenesis had modified the kinetics of, but not removed, charges associated with the intrinsic voltage-dependent transitions of the transport cycle.
D I S C U S S I O N SCAM has been widely applied as a tool for structurefunction studies of membrane transport proteins expressed in prokaryotic (e.g., Frillingos et al., 1998; Kaback 1997) , eukaryotic (e.g., Akabas et al., 1992 Akabas et al., , 1994 Karlin and Akabas, 1998; Lo and Silverman, 1998a,b; Loo et al., 1998; Pascual and Karlin, 1998; Seal and Amara, 1998) preparations and in reconstituted membrane systems (e.g., Kaplan et al., 2000) . This present work extends our previous cysteine scanning study of the type IIa Na ϩ /P i cotransporter expressed in Xenopus laevis oocytes (Lambert et al., 1999a) .
Of the 17 new mutants constructed in this study, 11 were functionally active as confirmed by 32 P i uptake and/or electrophysiological assays. Moreover, Western blots of the functional mutants all showed a main band (80-90 kD) at the expected position for the fully functional and glycosylated WT NaPi-IIa protein . This established that the Cys mutagenesis had not resulted in significant changes to the protein expression pattern. Nonfunctional mutants, on the other hand, did not show the expected 80-90-kD band. For these mutants, there was evidence of the presence of the core glycosylated NaPi-IIa protein. In our hands, using the oocyte expression system, these particular constructs could not be stably expressed as the fully glycosylated form. That cysteine substitutions are generally well tolerated is evidenced by the success obtained with SCAM applied to a number of transporters expressed in Escherichia coli, (e.g., Kaback, 1997; Frillingos et al., 1998; Mordoch et al., 1999; Iwaki et al., 2000) . Our inability to obtain functional expression of all mutants may either reflect differences in the two expression systems or indicate the critical importance of the particular native residues in rendering proper synthesis/processing and/or stable expression of the NaPi-IIa protein.
Functional Implications of MTS Accessibility Pattern
Given that all expressed mutants had a WT-like cotransport mode (substrate activation; Fig. 7 A) meant that any changes in this function after MTS treatment Points at each test potential were determined from voltagestep protocols in which the response to 1 mM P i ND100 was subtracted from the response in ND100 alone. Data for each oocyte were then normalized to the current at Ϫ100 mV and pooled. Points without error bars have SEM smaller than the symbol. The same data set for WT (᭜) is repeated in all cases. Continuous lines are for visualization only.
would support the respective Cys residue being: (a) at a site accessible to the MTS reagents via the aqueous milieu and (b) associated with the transport pathway. We found clear differences in the loss of cotransport mode function among the mutants with respect to MTSEA concentration, and there was an obvious demarcation of MTSEA effects at Pro-461. For mutants with Cys substitutions before this site, a site-dependent sensitivity to MTSEA was observed, whereas mutants after this site showed little sensitivity to MTSEA. This suggests that despite their functional involvement, the latter sites were only poorly accessible by either MTSEA or MT-SET, or that Cys modification has no functional consequences. In contrast, at sufficiently high concentrations, complete or near complete inhibition of cotransport occurred for all members of the former group, with the exception of T451C. This suggests that these residues might constitute a common functional unit of the transport protein.
That PFA blocked the slippage mode for each mutant after MTSEA incubation implied that Na ϩ was still able to bind to the empty carrier and the uncoupled leak pathway was intact. Moreover, the equivalence of the P i and PFA responses indicated that both substrates were also able to bind to the protein. Our finding that modification of the engineered Cys residues from 451 through 460 led to complete or near complete inhibition of P i -induced transport at sufficiently high MTSEA concentrations suggested that, after P i binding, this stretch of amino acids plays a critical role in the translocation of the fully loaded carrier. Moreover, two mutants (A453C and L455C) showed greatly increased slippage current after MTSEA treatment, which suggested that modification of these sites had increased the turnover in the slippage mode. Similar behavior has been reported after treatment of the WT form of GAT1 with MTSET (Yu et al., 1998) .
Kinetic Properties of Cys Mutants Confirm Functional Importance of ECL-3
In contrast to the WT-like P i and Na ϩ activation indices documented for all functional mutants (Fig. 7 A) , the kinetic assays revealed that the Cys substitutions per se led to deviations from WT behavior for uncoupled slippage, pH and voltage dependence, with significantly altered kinetics in the case of the latter two phenotypes. That some constructs showed no significant alteration in one or more of these phenotypes suggested that we had detected functional "hot spots" and that the deviations from WT behavior were not simply a nonspecific outcome of the Cys mutagenesis.
Comparison of the pH and voltage-dependence profiles suggested a reciprocity of the deviations from WT behavior for these two phenotypes (see boxed data points in Fig. 7, C and D) . For example, of the six mutants with Cys residues at adjacent sites from 453 through 459, four also displayed increased voltage dependence. Conversely, Cys substitution at the flanking sites 451 and 462-465 resulted in mutants with increased pH sensitivity that was matched by reduced steady-state voltage dependence. Such an interplay between pH and voltage dependence would not be unexpected based on the behavior of the WT cotransporter, whereby external acidification leads to a positive shift in the Q-V relation for the empty carrier-intrinsic charge distribution and a concomitant flattening of the steady-state I-V curves . The altered pH sensitivity observed for mutants with Cys substitutions after Pro-461 is also consistent with the recent finding that the REK motif (sites 462-464) of the mouse NaPi-IIa isoform is a determinant of pH dependency (de La Horra et al., 2000) .
Of the three mutants that displayed significant reductions in steady-state voltage dependence, only one (R462C) involved the removal of a charged residue. This mutant also displayed altered pre-steady-state kinetics with a reduced relaxation time constant compared with the WT and a positive shift of the Q-V curve (see appendix). This suggests that this residue plays a significant role in determining the electrogenic behavior and, by implication, interacts with the transmembrane electric field. The specificity of the involvement of Arg-462 is indicated by our finding that removal of nearby positive and negative charges (mutants K464C and E463C, respectively) did not alter the voltage dependence of I Pi . For I447C, L458C, and A459C, we observed significant negative shifts in the Q-V and -V data, which correlated with the supralinear steady-state I-V curves. In contrast to the documented shifts in voltage dependence, the apparent valency (z) predicted from the Boltzmann fit was relatively insensitive to the mutagenesis (see Table AI ). This parameter is most likely a weighted average of many charges, including those intrinsic to the transporter itself, as well as the movement of Na ϩ to its binding site (Forster et al., 1998) . Although a change in one or both components might be masked by the averaging effects, the constancy of z strongly suggests that the mutagenesis neither removed nor neutralized intrinsic charges associated with the empty carrier conformational changes. The effects of Cys mutagenesis on voltage dependence might then be attributed to shifts in the steady-state distribution of intrinsic charges. Moreover, the invariance of z would suggest that the charge at site 462 does not contribute to the intrinsic carrier charge movements per se, but could, for example, exert an electrostatic influence on other mobile charges that are directly involved in conformational changes. Significant alterations in electrogenic kinetics of the sodium glucose cotransporter, SGLT-1, have also been reported by Lo and Silverman (1998a,b) when a cysteine was substituted for a native alanine residue.
In summary, the region surrounding Ser-460 is involved in conferring slippage properties, voltage dependence, and pH dependence, but does not contain residues critical for defining apparent substrate affinities, at least when they are replaced by a cysteine. An understanding of the role these sites play in conferring pH and voltage dependence will require a detailed mutagenesis study.
A Revised Topology for ECL-3 Based on the Cys Accessibility Pattern
Our data prompted a revision of the existing topology for NaPi-IIa in the region of the previously predicted third extracellular loop, as depicted in Fig. 9 A. Part of this loop is depicted as re-entrant and is postulated to contribute to the transport pathway. The most novel feature of this topology is the proposed 2.5-turn ␣-helical motif from Pro-461 to Thr-451 (see inset for a helical wheel representation). Evidence for this motif is based on our finding of a periodic pattern (period 3.6 residues/turns) for the apparent rate constant of the MTSEA-Cys reaction for cysteines substituted between Ser-460 and Thr-451 (Fig. 5 C) . This predicted motif is also supported by the secondary structure predictions obtained from the Chou-Fasman algorithm applied to the primary amino acid sequence for the type IIa Na ϩ / P i cotransporter (Fig. 9 B) .
We propose that Pro-461 performs a helix terminating and stabilizing role for the ␣-helix motif. The orientation of the helix and its position relative to the adjoining putative transmembrane domains (TMDs) is not possible to define from our present data. However from the MTSEA accessibility results, we assume that the most accessible residues form a face readily accessible to the aqueous medium. Moreover, our finding that Cys modification of two of the residues within the ␣-helix altered the slippage current suggests that this motif might lie within the uncoupled Na ϩ -slippage pathway. A further feature of the revised topology is the placement of Arg-462 within the transmembrane region because substitution of the native arginine for a neutral cysteine strongly influenced the voltage dependency of the transporter.
Reentrant loops have been proposed to establish the selectivity filter in ion channels (MacKinnon, 1995) and recent structure studies on the K ϩ channel (Doyle et al., 1998) and aquaporin-1 (Murata et al., 2000) predict that these loops also contain short ␣-helical motifs. Based on their cysteine accessibility, Silverman (2000) has also proposed that some residues in the loop between TMD-4 and TMD-5 of SGLT-1 form an ␣-helix and contribute to the Na ϩ binding and voltage sensing. Moreover, putative reentrant loops have been identified in the revised topologies of transport proteins such as the excitatory amino acid transporters (Seal and Amara, 1998; Yu et al., 1998; Grunewald and Kanner, 2000) and the human Na ϩ /H ϩ exchanger (NHE1) (Wakabayashi et al., 2000) , where they are postulated to form ion transport pathways.
A P P E N D I X The current kinetic scheme for type IIa Na ϩ /P i cotransport predicts that the voltage dependence of type IIa Na ϩ /P i cotransport is conferred by the voltage dependent kinetics of the empty carrier and the first Na ϩ binding (Forster et al., 1998) . Here we show for selected mutants that the altered steady-state voltage depen- dency is reflected in modified kinetics of the presteady-state charge movements induced by voltage steps.
For all the mutants examined, the addition of PFA (3 mM) to the ND100 solution led to a suppression of the relaxations seen with ND100 alone as previously reported for the WT (Forster et al., 1998 . To analyze the relaxations, the PFA response (ND100 ϩ PFA) was subtracted from the response in ND100 to eliminate endogenous currents. Fig. A1 (A) shows typical recordings for WT, I447C, and R462C after PFA subtraction. Differences between kinetics of WT and the two mutants are clearly seen. To account for different expression levels, a single Boltzmann function (Eq. 2) was first fit to the Q-V data for each oocyte, the data were then offset by the predicted Q hyp and finally normalized to Q max . The Boltzmann fit parameters for the pooled data (n ϭ 6) are summarized in Table AI . Deviations of the Q-V data from the WT profile correlated qualitatively with those seen for the -V plots, whereby the direction of shifts in the midpoint potential of the charge distributions was the same as that for the peak of the -V data. For example, mutants I447C, L458C, and A459C all showed hyperpolarizing shifts (Fig. A1, B) . This behavior correlated with the supralinear steady-state I-V curves documented for two of these mutants (Fig. 8 B) . Mutant R462C, which was weakly voltage dependent in the steady state (Fig. 8 C) showed significantly faster relaxation time constants and evidence of a peak shifted toward depolarizing potentials (Fig. A1, C) . Figure A1 . Properties of pre-steady-state relaxations for selected mutant constructs. (A) Typical pre-steady-state ON relaxations after subtraction of response in 3 mM PFA to eliminate endogenous components for the wild type (WT) and two mutants that deviate from WT behavior (I447C and R462C). Each data set is for voltage steps from Ϫ160 to ϩ80 mV from V h ϭ Ϫ60 mV. Each trace is the average of four sweeps, low-pass filtered at 500 Hz. (B) ON vs.V (left) and Q vs. V (right) data for mutants I447C (᭡), L458C (᭢), and A459C (᭜) that show shifts toward hyperpolarizing potentials compared with the WT (). C, ON vs.V (left) and Q vs. V (right) data for mutant R462C (᭡) that shows significantly faster relaxations and a shift toward depolarizing potentials compared with the WT (). For the ON vs.V data, a single exponential function was fit to ON relaxations. Data points are joined for visualization only. For the Q vs. V data, the same relaxations were integrated for both the ON and OFF (data not shown) transitions and the mean charge transfer was determined. Data were normalized and pooled as described in the appendix. Lines are the result of fitting Eq. 2 to the pooled data: WT (broken), mutant (continuous). 
